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Abstract

A closed-loop approach based on integrated computational material engineering was used to design,
fabricate and characterize an Al–1.5Cu–0.8Sc–0.4Zr (wt%) alloy for laser powder bed fusion additive
manufacturing (AM). Finalization of composition and prediction of solidification behavior and
mechanical properties were done using calculation of phase diagrams (CALPHAD) and analytical tools.
The microstructure of the printed alloy in as-built condition consisted of crack-free regions with fineequiaxed grains which was consistent with CALPHAD results. Yield strength (YS) of ~349 ± 8 MPa was
also in more than 90% agreement with predicted YS. The findings demonstrate an efficient
methodology for application-based alloy design for AM.
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1. Introduction

Laser powder bed fusion (LPBF) additive manufacturing (AM) has emerged as a promising
manufacturing technology because of its capability of producing intricate shapes without requiring
long and complex supply chain processes [1]. However, limited number of printable aluminum alloys
(AA) prevents the use of LPBF in structural applications using Al alloys. To date, most of the printable Al

alloys are based on castable Al–Si alloys that are not suitable for marine and aerospace applications
where corrosion resistance, high strength and ductility are requisites [2], [3], [4]. Most high-strength Al
alloys, such as 2XXX and 7XXX series, have poor printability due to their large freezing and coherence
ranges that cause solidification cracking. Furthermore, liquation cracking due to the presence of low
melting point constituents along the grain boundaries, high reflectivity and high thermal conductivity
adversely affect the printability of these alloys.
Recently, alloying additions of Sc and Zr have been done to the conventional Al alloys to reduce their
crack sensitivity when processed with LPBF. Schmidtke et al. [5] added Sc and Zr to the 5XXX series
AlMg alloys and obtained a crack-free microstructure with refined grains. Precipitation hardening,
attributed to the formation of coherent Al3Sc and/or Al3(ZrxScy) precipitates, was observed in these
alloys after aging. Similar studies done on AlMgScZr alloy processed with LPBF reported part densities >
99% and bi-modal grain size distribution consisting of large fractions of fine-grained regions [6], [7], [8].
Recently Zhou et al. [9] modified the 7XXX series Al alloys with additions of Sc and Zr to reduce hot
cracking in these alloys when processed with LPBF. The presence of Al3(Sc,Zr) precipitates was
established with transmission electron microscopy (TEM). These precipitates were believed to provide
heterogeneous nucleation sites for formation of equiaxed Al grains. Zhou et al. [10] also reported that
addition of 0.7 wt% Zr to AA 5083 resulted in near-full density parts with solidification cracks-free
microstructure. With these efforts, researchers are already on the path towards achieving propertydriven availability of Al alloys for additive manufacturing (AM). These efforts can be enhanced by using
integrated computational design strategies. The advent of multiscale modeling tools has enabled the
use of such design strategies at smaller length scales and therefore in the domain of alloy design for
AM. The present work establishes a closed-loop integrated computational material engineering (ICME)
anchored methodology to develop new Al alloys with high specific strength that can be printed with
LPBF technology. The properties of the alloy designed using ICME tools have been validated by
microstructural and mechanical characterization, therefore making this a closed-loop methodology.
This ICME-based methodology can be divided into four major parts: a) alloy design using calculation of
phase diagrams (CALPHAD) and assessment of material properties using analytical tools; b) powder
production via gas atomization; c) optimization of printing parameters on LPBF system; and d)
microstructural and mechanical characterization of the printed material.

2. Materials and methods
2.1. An approach for alloy design for AM

The crack sensitivity of Al alloys can be reduced by adding grain refiners, as they aid in formation of
equiaxed grains [11], [12], [13]. Sc and Zr are known to be effective grain refiners in Al alloys, as they
form Al3Sc or Al3Zr and/or Al3(Sc,Zr) precipitates [6,[8], [9], [10],14]. These Al3X-based tri-aluminides
precipitates have L12 structure, which are coherent with the Al matrix; and have high thermal stability.
Sc and Zr have been therefore added in the present alloy to prevent hot cracking. Addition of Sc to Al is
also believed to increase the self-corrosion resistance of Al [15]. Cu is added to achieve solid solution
strengthening. However, Cu forms intermetallic phases with the Al matrix when present above the
solubility limit, which assist in pitting corrosion [16], [17], [18]. Therefore, keeping the Cu content low
is important.

After Cu, Sc and Zr were chosen as alloying elements, it was desired to determine a printable
composition that would give optimum precipitation strengthening. For this, concepts from alloy
solidification behavior and strengthening mechanisms were utilized. Hot susceptibility index
(|dT/d(fs)1/2|), which is defined as the absolute value of the slope of T–(fs)1/2 curve near fs1/2 = 1 [19];
and critical temperature range (ΔTCTR), which is defined as the temperature difference between solid
fraction of 1.0 and 0.95 (ΔTCTR = T(fs = 1.0) − T(fs = 0.95)) in T–fs curve, were used to determine the
susceptibility of the alloy to hot cracking. For an alloy to be less susceptible to hot cracking, smaller
values of |dT/d(fs)1/2| and ΔTCTR are advantageous. Both these parameters were obtained by
performing Scheil–Gulliver non-equilibrium solidification calculation using Thermo-Calc. Next, to
optimize precipitation hardening, the strength contribution from a certain volume fraction of
precipitates available at a particular Sc and Zr content was calculated. The volume fraction of
precipitates was obtained from equilibrium simulations performed on TC-PRISMA package. Sc and Zr
contents were finalized by calculating the volume fractions of Al3(Sc, Zr) precipitates for different Sc
and Zr contents. To attain desired precipitation strengthening through the L12 precipitates an
optimized combination of volume fraction and precipitates size is required. In this case, the solubility
limits of Sc and Zr in the Al are design constraints. Although equilibrium solubility of Sc and Zr in Al at
eutectic and peritectic temperatures are ~0.35 wt% and ~0.11 wt% respectively, rapid solidification
rates in LPBF (~106°C/s) [20] cause enhanced solubility of these elements [21] and prevent coarsening
of intermetallic phases. Once the composition was finalized, alloy strength was predicted by calculating
strengthening contributions from Peierls–Nabarro (P–N) stress, precipitation strengthening, solidsolution strengthening, grain boundary strengthening, and dislocation strengthening [22], [23], [24],
[25], [26]. Additionally, the impact of reduction in Orowan strengthening due to particle size
distribution was considered when comparing the experimental results with theoretical prediction [27].

2.2. Gas atomization and LPBF of the designed alloy

The Al–Cu–Sc–Zr alloy powder was atomized using a double induction gas atomization unit utilizing N2
gas. Gas pressure of 2–3 MPa, melt temperature of 950 °C, and melt flow rate of ~0.03 kg/s were used.
The average particle size for the powders is 46.2 µm, with D10, D50 and D90 values of 17.4 µm,
44.1 µm and 77.3 µm, respectively. More information about gas atomization process is provided in
Supplementary information, Section 1.1.
LPBF of the alloy powder was performed using SLM 125HL unit. Test samples of dimension
12 × 12 × 12 mm3 were printed. The effects of varying laser power (P, W) and laser scan speed (v,
mm/s) were studied on microstructure and relative density. The first set of samples was printed at
P = 200 W, and v was varied from 100–800 mm/s; the second set of samples was printed at P = 350 W,
and v was varied from 400 mm/s to 1400 mm/s. Throughout these experiments, slice thickness and
hatch spacing were kept constant at 0.03 mm and 0.130 mm, respectively. The printed test samples
were analyzed by measuring relative density using Archimedes principle and image analysis of optical
micrographs (OM); theoretical density was assumed to be 2.74 g/cm3.

2.3. Mechanical and microstructural characterization

Isochronal aging of as-built samples was performed for 2 h at 130, 170, 210, 250, 290, 330, 360, 390
and 420 °C. Next, isothermal aging at 390 °C for 2, 4, 8, 12, 16 and 20 h; and 290 °C for 2, 4, 8, 12, 16,
20, 24, 28 and 32 h was carried out. Microhardness tests on as-built and all aged samples were

performed with a Vickers indenter using 0.5 kg load and 10 s dwell time; 20 indentations were made in
each sample, and the mean microhardness value has been reported.
Mini-tensile samples with ~5 mm gage length, ~1.2 mm thickness and ~1.25 mm gage width were
machined from surface transverse to the build direction. Microstructural characterization was done on
samples from transverse and longitudinal surfaces to the build direction. More information about the
mechanical and microstructural characterization process is provided in Supplementary information,
Section 1.2.

3. Results and discussion
3.1. Prediction of solidification behavior, microstructural evolution and mechanical
properties

Fig. 1(a) compares the T–fs curves obtained from Scheil–Gulliver solidification simulations for varying
amounts of Cu (in wt%). The freezing range decreased with decreasing Cu content. Although the ΔTCTR
(Fig. 1(a)) and hot susceptibility index (|dT/d(fs)1/2|) (Fig. 1(b)) decrease with increasing Cu content, the
last liquid to solidify in all these compositions is still expected to solidify via eutectic solidification, and
is indicative of a very low hot susceptibility index. Since to avoid corrosion keeping the Cu content low
is important, the Al–1.5Cu–0.8Sc–0.4Zr (wt%) composition was finalized. Fig. 1(c) represents the T–fs
curve at equilibrium and non-equilibrium conditions for the selected composition, along with the
evolution of different phases during the course of non-equilibrium solidification. The simulations
indicate formation of Al3Sc and Al3Zr phases, which aid in formation of equiaxed and refined grains.
The size of these particles is expected to be smaller as compared to conventional solidification
techniques due mainly to rapid solidification rates in LPBF; and therefore these particles are expected
to provide heterogeneous nucleation sites for fine grains. Fig. 1(d) shows the contribution of various
precipitation strengthening mechanisms to yield strength (YS) of the designed alloy. For an alloy
composition of Al–1.5Cu–0.8Sc–0.40Zr (wt%), the total solute content contributing to precipitation
strengthening was taken as 1.2 wt%. Based on TC-PRISMA calculations, the volume fraction of Al3Sc in
Al–0.8Sc was ~0.0193, and that of Al3Zr in Al-0.4Zr is ~0.005. The strength contribution calculations
were performed considering 20% solute loss due to formation of dispersoid during AM, which gives a
total of ~0.0194 volume fraction of precipitates. The contribution from just Orowan strengthening due
to formation of Al3(Sc,Zr) precipitates predicted YS of 276 MPa; the contribution from Peierls–Nabarro
stress, solid solution strengthening, dislocation strengthening, and grain boundary strengthening was
expected to increase YS to ~420–450 MPa.

Fig. 1. (a) T–fs curves and (b) T–(fs)1/2 curves from Scheil-Gulliver solidification simulations. (c) Scheil-Gulliver
solidification simulations for Al–1.5Cu–0.8Sc–0.4Zr (in wt%) alloy. (d) Various precipitation strengthening
contributions as functions of precipitate radius.

3.2. Closing the loop: experimental validation of alloy design approach for AM
3.2.1. LPBF AM of the designed alloy
The OM in Fig. 2(a) and (b) shows the effect of various printing parameters on microstructure of the
test samples. Irregularly-shaped pores across the cross sections, possibly due to local lack of fusion,
were observed at 200 W-600 mm/s and 350 W-1200 mm/s; whereas spherical pores were more
prominent at 350 W–1000 mm/s. Fig. 2(a1) and (b1) shows the effect of printing parameters on
relative densities of test samples. A maximum relative density of ~99% was obtained at 200 W600 mm/s and 350 W-1200 mm/s. Irregularly-shaped pores are believed to be more detrimental to
mechanical properties than spherical pores; therefore, printing parameters of 350 W–1000 mm/s that
exhibited a relative density of ~98% were chosen. The OM exhibited no microcracks which is in
agreement with Scheil–Gulliver solidification curves of this alloy showing very low hot-cracking
susceptibility.

Fig. 2. OM of XZ cross section of as-built samples printed at different v and (a) P = 200 W and (b) P = 350 W.
Effect of v on relative densities of samples printed at (a1) P = 200 W and (b1) P = 350 W.

3.2.2. Mechanical properties of the designed alloy
Fig. 3(a) presents mean microhardness values of as-built and isochronally aged samples for 2 h. Fig.
3(b) and (c) shows microhardness values of samples isothermally aged at 390 and 290 °C, respectively.
Although a peak hardness of 127.2 ± 1.7 HV was achieved by aging at 390 °C for 2 h, isothermal aging
at 390 °C for up to 20 h caused reduction in hardness value and indicated coarsening of precipitates.
When isothermal aging was performed at 290 °C for 20 h, the same hardness value of 127.2 ± 1.3 HV
was obtained. Furthermore, the reduction in hardness after peak aging at 290 °C was not as sharp as
that at 390 °C (Fig. 3(b) and (c)). This indicates better thermal stability of precipitates at 290 °C as
compared to 390 °C. Therefore, 290 °C was chosen as the aging temperature.

Fig. 3. (a) Hardness response of Al–Cu–Sc–Zr samples as a function of aging temperature. Hardness response
obtained by isothermal aging at (b) 390 °C and (c) 290 °C. (d) Engineering stress-strain curves of Al–Cu–Sc–Zr
alloy in as-built and peak-aged conditions.

Fig. 3(d) shows the stress-strain plots for as-built and peak-aged samples. The average engineering YS
and ultimate tensile strength (UTS) obtained in as-built conditions were ~129±7 MPa and ~172 ±
4 MPa, respectively, with an average plastic strain of ~23±2%. The high ductility and good repeatability
of tensile properties in as-built condition is indicative of small and uniform defect density in printed
parts. In peak-aged condition, YS increased to ~349 ± 8 MPa (~170% enhancement) and UTS increased

to ~368±4 MPa (~114% enhancement); the plastic strain to failure in this case decreased to ~12%. This
remarkable increase in YS may be attributed to precipitation strengthening due to formation of
coherent Al3X precipitates. We note that our theoretical prediction of YS by Orowan strengthening is
based on ideal distribution of particles of one size. Kulkarni et al. [27] have shown that particle size
distribution can lead to reduction of Orowan strengthening by ~20%, i.e. 80% of the ideal
microstructure based Orowan strength. Considering this reduction, the experimentally determined YS
was in more than 90% agreement with the theoretical YS, demonstrating high efficiency of this closedloop methodology in application-based design of alloys for AM.
3.2.3. Microstructural evolution of the designed alloy
Fig. 4(a) and (b) shows electron backscattered diffraction (EBSD) inverse pole figure (IPF) maps of asbuilt and peak-aged samples, respectively, from a surface transverse to the build direction. Average
grain sizes in as-built and peak-aged conditions are ~3.62 ± 2.06 µm and ~3.72 ± 2.27 µm, respectively
(Fig. 4(a1) and (b1)). Grain size in the as-built sample is almost equal to that in the peak-aged sample,
indicating high-temperature stability of microstructure which may be attributed to Zener pinning
[28,29]. Fig. 4(c) represents EBSD IPF orientation maps of the as-built sample from a surface
longitudinal to the build direction. The fine equiaxed grains near melt pool boundaries shown by
dashed curves indicate that Al3(Sc,Zr) precipitates may have formed during LPBF of this alloy, therefore
facilitating nucleation of equiaxed grains and hindering the growth of epitaxial grains. It has also been
reported in [7,30] that remelting zones found near the melt pool boundaries are favorable sites for
Al3(Sc,Zr) particles. In addition, the low hot-cracking susceptibility of this alloy has been attributed to
formation of fine equiaxed grains which may have nucleated on sites provided by Al3(Sc,Zr) particles.
Similar results have also been reported by Zhou et al. [9] and Zhang et al. [31]. Segregation of fine light
particles is observed in backscattered electron (BSE) image (Fig. 4(d)). This segregation is more
prominent near the melt pool boundary. TEM would be needed for further analysis of these particles.

Fig. 4. (a) EBSD IPF maps of transverse section of (a) as-built sample and (b) peak-aged sample. Grain size
distribution in (a1) as-built sample and (b1) peak-aged sample (c) EBSD IPF orientation maps of longitudinal
section of as-built sample. (d) BSE image of longitudinal section of as-built sample.

EBSD IPF maps show that considerable fractions of columnar grains are oriented in 〈001〉 direction,
which is the preferential grain growth direction during LPBF of face-centered cubic (fcc) alloys [32,33].
The thermal gradients in the build direction cause the 〈001〉 directions to align parallel to the build
direction. Furthermore, the melt pool is hottest at the center [34,35], due to which the columnar grains
seem to radiate from the center of the pool (Fig. 4(c)); this is similar to the findings reported in [33].

4. Conclusion

An age-hardenable, high-strength Al–Cu–Sc–Zr alloy was designed using ICME-anchored methodology
with good printability for LPBF. The designed alloy was printed with high density, and the
microstructure thus obtained was crack-free, with regions of fine equiaxed grains near the melt-pool
boundary. Average grain sizes in as-built and peak-aged conditions were ~3.6 ± 2 and ~3.7 ± 2.2 µm,
respectively. The alloy exhibited YS of ~349 ± 8 MPa in peak-aged condition. The microstructure and

mechanical properties were in good agreement with those predicted by ICME tools, and therefore
demonstrated high efficiency of this closed-loop method for alloy design for AM.
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